Genomes are an integral component of the biological information about an organism and, logically, the more 52 complete the genome, the more informative it is. Historically, bacterial and archaeal genomes were 53 reconstructed from pure (monoclonal) cultures and the first reported sequences were manually curated to 54 completion. However, the bottleneck imposed by the requirement for isolates precluded genomic insights 55 for the vast majority of microbial life. Shotgun sequencing of microbial communities, referred to initially as 56 community genomics and subsequently as genome-resolved metagenomics, can circumvent this limitation 57 by obtaining metagenome-assembled genomes (MAGs), but gaps, local assembly errors, chimeras and 58 contamination by fragments from other genomes limit the value of these genomes. Here, we discuss genome 59 curation to improve and in some cases achieve complete (circularized, no gaps) MAGs (CMAGs). To date, few 60 CMAGs have been generated, although notably some are from very complex systems such as soil and 61 sediment. Through analysis of ~7000 published complete bacterial isolate genomes, we verify the value of 62 cumulative GC skew in combination with other metrics to establish bacterial genome sequence accuracy.
Running title: Curated and complete metagenome-assembled genomes
Introduction 71 In an opinion paper published relatively early in the microbial genomics era, Fraser et al. stated "you get what 72 you pay for" (Fraser et al. 2002) . The authors argued the lower scientific value of draft (partial) vs. complete 73 genomes, noting for example higher error rates, potential contaminant sequences, loss of information about 74 gene order, lower ability to distinguish additional chromosomes and plasmids, and most importantly, missing 75 genes. Despite the clarity of this view, the field moved toward the generation of draft isolate genomes to 76 optimize the rate of supply of new sequence information and to lower the cost. Genome-resolved 77 metagenomics has almost exclusively settled for uncurated draft genomes, now often referred to as 78 metagenome-assembled genomes (MAGs). A summary of the basic methods for generating MAGs was 79 provided by (Sangwan et al. 2016) . A more recent review provides an overview of assembly methods and offers 80 some insights into the complexity of genome recovery from metagenomes and a valuable overview of certain 81 types of assembly errors that can occur (Olson et al. 2017) . 82 The first MAGs were published in 2004 (Tyson et al. 2004 ) and there are now hundreds of thousands 83 of them in public databases. The ever increasing depth of high-throughput sequencing now make even the 84 most challenging environments with low archaeal, bacterial, and viral biomass, such as insect ovaries is shown with mapped reads (Banfield et al. 2017) . SNVs that only occur once are indicated by black boxes and 117 the one replicated SNV indicated by a red box. Clearly, the consensus sequence is well supported. 118 119 Assembly and binning are important steps in metagenomic studies 120 Assembly of short metagenomic reads into contiguous segments of DNA is a computationally intensive task, 121 and its effectiveness often depends on the complexity of the environment . 122 However, assembly of contigs/scaffolds offers many advantages over short-read based analyses. First, they 123 enable the identification of complete open reading frames. Second, assemblies provide larger genomic 124 contexts (e.g., operons). In combination, these considerations improve predictions of metabolic capacities. 125 Further, assembled sequences provide information about gene synteny and better resolve taxonomic profiles 126 (e.g., by providing sets of proteins for taxonomy based on concatenated proteins encoded in the same genome 3 'best taxonomic hits' for each predicted protein on each scaffold. Sometimes, and mostly in datasets from very 135 simple communities or for highly abundant organisms, the process of binning can be as easy as collecting 136 together all fragments that share a single clearly defined feature ( Figure S1 ), such as a discrete set of scaffolds 137 with similar coverage, or unique and well-defined tetranucleotide patterns or GC content. In other cases, a 138 combination of a few well defined signals, such as GC content, coverage, and phylogenetic profile of scaffolds, 139 are sufficient to clearly define a bin. However, over reliance on phylogenetic profile can be dangerous, 140 especially if the genome is for an organism that is only distantly related to those in the databases used for 141 profiling. Further, some fragments can have an unexpected phylogenetic profile relative to the rest of the 142 genome because the region has not been encountered previously in genomes of related organisms, possibly 143 because it was acquired by lateral gene transfer. Thus, the most robust bins will draw on a combination of 144 multiple clear signals. 145 If a study includes a set of samples with related community membership, an important constraint 146 for bin assignment can be provided by the shared patterns of abundance of a fragment across a sample series. 147 The use of series samples data for binning was first proposed by Sharon binning can exclude contaminant scaffolds from a MAG whose abundance shows a different pattern over 152 time/space/treatment. We have found that no single binning algorithm is the most effective for all 153 sample/environment types or even for all populations within one sample. The recently published method 154 DASTool tests a flexible number of different binning methods, evaluates all outcomes and chooses the best bin 155 for each population (Sieber et al. 2018) . A similar strategy has been utilized in a modular pipeline software 156 called MetaWRAP (Uritskiy et al. 2018) .
158
A case study: Binning can greatly improve data interpretation 159 Contigs that do not represent entire chromosomes may not be appropriate proxies for microbial populations 160 without binning, and claims made based on unbinned contigs can lead to erroneous conclusions. For instance, 161 a recent study focusing on human blood used shotgun metagenomic sequencing of circulating cell-free DNA 162 from more than 1,000 samples and recovered a large number of contigs with novel bacterial and viral 163 signatures (Kowarsky et al. 2017 ), suggesting that "hundreds of new bacteria and viruses" were present in 164 human blood, and that this environment contained more microbial diversity than previously thought. While the 165 authors performed PCR experiments to independently confirm the existence of some of these signatures in 166 blood samples, they did not attempt to assign assembled contigs to genome bins. Here, we studied contigs 167 from these blood metagenomes with a genome-resolved strategy to investigate the presence of previously 168 unknown bacterial populations. 169 To explore the origin of bacterial signatures found in the novel set of contigs recovered from cell-170 free DNA blood metagenomes (Figure 2a ), we first searched for the 139 bacterial single-copy core genes (SCGs) metagenomes best matched to CPR genomes, the levels of sequence identity of these matches were very low, 181 and taxonomic affiliations of best hits were divergent within the CPR (Table S1) , which could simply reflect the 182 novelty of a single population rather than the presence of multiple populations. To investigate the distribution 183 of these proteins we clustered novel contigs based on their tetranucleotide frequencies (Figure 2a ). We found 184 4 that most bacterial SCGs occurred in a relatively small group of contigs with similar tetranucleotide 185 composition. Manual selection of these contigs, and their further refinement using additional 'non-novel' 186 contigs that were not included in the original study by Kowarsky et al. (2017) resulted in a single CPR MAG that 187 is 613.5 kbp in size with a completion estimate of 52.5%. Our phylogenomic analysis affiliated this MAG with 188 the superphylum Parcubacteria (previously OD1) of the CPR (Figure 2c ). Regardless of the origins of this 189 population in these metagenomes, our genome-resolved analysis contrasts with the prior interpretation of 190 these data and suggests that Parcubacteria appears to be the only major novel bacterial group whose DNA is 191 present in human blood metagenomes. This finding demonstrates the critical importance of binning-based 192 strategies to justify claims of microbial diversity in metagenomic analyses. their tetranucleotide frequency (using Euclidean distance and Ward clustering). While the two inner layers 198 display the length and GC-content of each contig, the outer two layers mark each contig that originates from 199 the assemblies of pregnant women blood samples, and the ones that contain one or more bacterial single-copy 200 core genes. Panel B compares the initial CPR bin and the remaining contigs in the 'novel' set, as well as the final 201 CPR bin and the remaining contigs in the entire assembly (which contains both novel and non-novel contigs). 202 Panel C shows the placement of the CPR bin in the context of CPR genomes released by Brown et al. (2015) . 203 See http://merenlab.org/data/parcubacterium-in-hbcfdna/ for more details on this case study. 204 205 Yet, binning can be an important source of error 206 A real danger is that conclusions from draft MAGs may be incorrect due to misbinning (the wrong assignment 207 of a genome fragment from one organism to another). It is critical to not rely on MAGs with high levels of 208 contamination as these will likely yield misleading evolutionary and ecological insights (Bowers et al. 2017; 209 Shaiber and Eren 2019). Misbinning is especially likely if scaffolds are short (e.g., < 5 kbp), where binning signals 210 can be noisy or unreliable. Thus, for better binning performance, it is helpful to use an assembler that includes (Table S2) . 249 The HMP dataset included two additional plaque metagenomes from the same individual, providing 250 an opportunity to investigate the distribution patterns of contigs binned together in this MAG across multiple 251 samples from the same person through metagenomic read recruitment. Organizing contigs based on their 252 sequence composition and differential coverage patterns across three samples revealed two distinct clusters 253 (Figure 3 ), the smaller one of which contained 11 contigs that added up to a total length of 53.5 kbp (Figure 3 , 254 outer circle: orange). While the average mean coverage of contigs in these clusters were relatively comparable 255 in the metagenome from which the MAG was reconstructed (24.6X vs 31.1X), the average coverages differed 256 more dramatically in the other two plaque metagenomes (99.4X vs 20.7X in SRS013723 and 9.7X vs 33.56X in 257 SRS078738), which suggest that the emergence of these two clusters was due to the improved signal for 258 differential coverage with the inclusion of additional samples ( Figure 3) . A BLAST search on the NCBI's non-259 redundant database matched genes found in 10 of 11 contigs in the smaller cluster to genomes of Veillonella 260 (belonging to Firmicutes; Table S3 ), a genus that is common to the human oral cavity (Mark Welch et al. 2014) 261 and includes members that are present in multiple oral sites (Eren et al. 2014). Genes in the remaining contig in 262 the smaller cluster lacked a strong match (contig 000000000028, Table S3 ), yet best matched to genes in 263 Selenomonas genomes instead of Saccharibacteria, suggesting that the smaller cluster represented 264 contamination. As these contaminating contigs did not include any SCGs, their inclusion did not influence SCG-265 based completeness and contamination estimates. Thus, they remained invisible to the quality assessment. 266 While the contamination in this case will unlikely influence the placement of this particular MAG in the Tree of 267 Life due to the lack of SCGs in it, the contamination does change the functional makeup of the MAG: our 268 annotation of 54 genes in the 11 contaminating contigs using the NCBI's Clusters of Orthologous Groups (COGs) 269 revealed 30 functions that were absent in the MAG after the removal of the contamination (Table S4 ). In 270 addition to misleading functional profiles, contamination issues often influence ecological insights. Our read 271 recruitment analysis to characterize the distribution of the Pasolli MAG contigs across all 196 plaque and 217 272 tongue metagenomes from 131 HMP individuals showed that while this Saccharibacteria population appears to 273 be restricted to plaque samples, contigs that contaminated this MAG recruited reads also from the tongue 274 samples ( Figure 3 , Table S5 ). 275 We did not investigate the quality of the full set of 154, 723 Figure S2 ). Overall, it is essential for our community to note that computational analyses that rely 280 heavily on SCGs to assess the quality of MAGs can promote erroneous insights. Genome curation -moving towards complete genomes 298 The opportunity to recover huge numbers of new genomes from metagenomic datasets motivates the 299 development of new tools to more comprehensively curate draft MAGs, ideally to completion. Although the 300 term 'complete' should be reserved for genome sequences with (usually) circular chromosomes reported in 301 single scaffolds, in contemporary genome-resolved metagenomics studies the term is commonly used to 302 describe bacterial and archaeal genomes that have all the expected SCG markers used to evaluate 303 completeness. This use of the term 'complete' does not exclude genomes that are extremely fragmented, 304 which can suffer from contamination issues, as we demonstrate above. Here we use the term 'complete' 305 explicitly to describe multiple properties of a genome: (1) circular (assuming the chromosome is circular) and 306 single chromosomal sequences, with (2) perfect read coverage support throughout (i.e., the vast majority of 307 bases in mapped reads at any position matches to the consensus base), and (3) no gaps. To avoid any 308 confusion, we will use the term 'CMAGs' to describe complete MAGs that meet the three criteria. 309 One of the first CMAG appeared in 2008, but this was for a bacterium that comprised > 99.9% of the very close to complete upon de novo assembly, although some effort was required to finish them. Near 316 complete de novo assembly is a very rare outcome, given that most genomes are assembled using short paired-317 end reads (e.g., 150 bp with a few hundred base pair insert size). However, given that many samples generate 318 hundreds of draft genomes, very high quality de novo assembly of a genome is not uncommon overall. 319 Nevertheless, the curation of even very well assembled MAGs is very rarely undertaken, perhaps due to the 320 involvement of typically manual and generally not well understood steps. Here, we describe the methods that 321 can be used for genome curation and provide examples to illustrate potential caveats along with their likely 322 solutions. Our hope is that the following sections will motivate the development of new tools to enable routine 323 curation of genomes from metagenomes.
325
A limited number of published complete metagenome-assembled genomes 326 To the best of our knowledge, as of 09/10/2019, 59 bacterial and three archaeal CMAGs from microbial 327 community datasets are publicly available ( Table 1) . Of these, four CMAGs were finished using PacBio reads. 328 The published CMAGs are primarily for members of the Candidate Phyla Radiation (CPR; 36 genomes) and 329 DPANN (2 genomes), which have unusually small genomes (average genome size of 1.0 Mbp; Table 1 ). Other 330 reported CMAGs include those for Proteobacteria (7 genomes), Saganbacteria (WOR-1; 4), Bacteroidetes (two), 331 Candidatus Bipolaricaulota (two), Firmicutes (two), and one from each of Dependentiae (TM6; also small 332 genomes), Elusimicrobia, Melainabacteria, Micrarchaeota, Nitrospirae, Zixibacteria and Candidatus 333 Cloacimonetes (Table 1) . 334 CMAGs are not limited to bacteria and archaea. Because all of the extracted DNA is sequenced, the gap is closed. 369 If a gap cannot be closed using the unplaced paired reads due to low coverage, one solution may be 370 to include reads from another sample in which the same population occurs (this may not be appropriate for 371 some investigations), or by performing a deeper sequencing of the same sample. In other cases, the necessary 372 reads are misplaced, either elsewhere on that scaffold or on another scaffold in the bin. This happens because 373 the reads have been "stolen" thus the true location sequence is not available to be mapped to. This often leads 374 to read pileups with anomalously high frequencies of SNVs in a subset of reads. However, anomalously high 375 read depths can also occur due to mapping of reads from another genome. The misplaced reads can be located 376 based on read names and extracted for gap filling. Other indications of misplacement of reads include read 377 pairs that point outwards (rather than towards each other, as expected) or with unusually long paired read 378 distances. One of these reads is misplaced and the other read normally constrains the region to which the pair 379 must be relocated. Relocation of the misplaced read can often lead to filling of scaffolding gaps. In some cases, 380 gap filling cannot be easily achieved despite sufficient read depth. This can occur, for example, due to complex 381 repeats. Sometimes these repeat regions can be resolved by careful read-by-read analysis, often requiring 382 relocation of reads based on the placement of their pairs as well as sequence identity. 383 Another important curation step is the removal of local assembly errors ( Figure S3 ). We suspect that 384 these errors are particularly prominent in IDBA_UD assemblies, although it is likely that all assemblers 385 occasionally make local assembly errors. Local assembly errors can be identified because the sequence in that 386 region lacks perfect support, by even one read. The region should be opened up and each read within that 387 region separated to the appropriate side of the new gap (so that all reads match the consensus sequence). 388 Unsupported consensus sequence should be replaced by Ns. The new gap can be filled using the procedure for 389 filling scaffolding gaps, as described above. 390 A second type of local assembly error is where 'N's have been inserted during scaffolding despite 391 overlap between the flanking sequences ( Figure S4 ). We have observed this problem with both IDBA_UD and 392 CLC workbench assemblies. The solution is simply to identify the problem and close the gap, eliminating the Ns 393 and the duplicate sequence. 394 Another common assembly error involves local repeat regions in which an incorrect number of 395 repeats has been incorporated into the scaffold sequence. This situation may be detected by manual inspection 396 of read mapping profile, as it leads to anomalous read depth over that region. Sometimes the correct number 397 of reads may only be approximated based on the consistency of the coverage within the repeat region and 398 other parts of the scaffold (see example below). 399 Rarely, in our experience, assemblers create scaffolds that are chimeras of sequences from two 400 different organisms (e.g., (Rojas-Carulla et al. 2019)). These joins typically lack paired read support and/or can 401 be identified by very different coverage values and/or phylogenetic profiles on either side of the join. 402 Another seemingly rare error involves the artificial concatenation of an identical sequence, 403 sometimes of hundreds of bp in length, repeated up to (or more than) three times. This has been a problem 404 with some sequences of seemingly large phage deposited in public databases (as discussed by Devoto et al. From high quality draft sequences to complete genomes from metagenomes 409 Genome curation to completion is rarely undertaken (Table 1) because there is no single tool available to 410 accomplish it, and there can be confusing complications. The procedure requires the steps described in the 411 prior section as well as extension of scaffolds (or contigs, if no scaffolding step was undertaken) so that they 412 can be joined, ultimately into a single sequence (assuming the genome is a single chromosome). With currently 413 11 available tools, this is time consuming, sometimes frustrating and often does not result in a CMAG (usually 414 because of indistinguishable multiple options for scaffold joins typically due to repeats such as identical copies 415 of transposons). However, when it can be done, the resulting genome solution should be essentially unique, as 416 we will show below. There is nothing 'arbitrary' about the process, except occasionally the choice of which set 417 (usually a pair) of sub-equal locus variants (e.g., SNVs) will represent the final genome. Even in those cases, 418 depending on the availability of multiple appropriate metagenomes for read recruitment analyses, tools for 419 haplotype deconvolution such as DESMAN (Quince et al. 2017 ) may offer quantitative support for such 420 decisions. 421 In our experience, the most important first step in the path toward recovery of a CMAG is to start 422 from a well-defined bin that appears to comprise the vast majority of the genome of interest (step 1; Figure 4 ). 423 As above, this is usually determined based on genome completeness evaluation (step 2; Figure 4 ) and/or a very 424 strong set of binning signals (see Figure S1 for example). It should be noted that some genomes (e.g., CPR Figure S5B ). Potential scaffold joins can be made by identifying perfect overlaps at the ends of 445 scaffolds of a MAG ("overlap-based assembly", Step 5; Figure 4 ). Often, the length of perfect overlap of 446 scaffolds assembled using IDBA_UD and metaSPAdes is n-1 or n, respectively, where n is the largest k-mer size 447 used in de novo assembly. Although the assembler chose not to make these joins (possibly due to confusion 448 involving even a single read), seemingly unique joins involving scaffolds in a bin can be made tentatively during 449 curation. Ultimately, non-unique joins can be eliminated or resolved at the end of the curation process. It is 450 important to note that non-uniqueness of a join may not be evident in an initial scaffold set due to failure to 451 include a relevant scaffold in the bin or lack of de novo assembly of relevant regions. Thus, it is important to 452 test for repeated regions that cannot be spanned by paired reads at the end of curation (either in the 453 potentially complete genome or curated scaffold set if completion is not achieved). Failure to identify perfect 454 repeats can also lead to problems in isolate genomes, as we show below. 455 Scaffolds within a bin that do not overlap at the start of curation may be joined after one or more 456 rounds of scaffold extension ( Figure S6 ). This process of extending, joining and remapping may continue until 457 all fragments comprise a single circularized sequence. It should be noted that read by read scaffold extension is 458 very time consuming. If an extended scaffold cannot be joined to another scaffold after a few rounds of 459 extension it may be worth testing for an additional scaffold (possibly small, thus easily missed by binning) by 460 searching the full metagenome for overlaps (steps 6 and 7, Figure 4) . Sometimes, the failure of scaffold 461 extension is due to missing paired reads, which may be found at the end of another fragment. If they are 462 pointing out but the sequences cannot be joined based on end overlap, a scaffolding gap can be inserted in the 463 12 joined sequence (reverse complementing one of the scaffolds may be necessary). Closure of the new 464 scaffolding gap uses the approach described above. 465 During the attempt to obtain a circularized sequence, it is important to note that if the genome has 466 a single pair of duplicated sequences that are larger than can be spanned by paired reads, a reasonable 467 solution can be found if the genome bin is curated into just two pieces. In this case, the only solutions are 468 either resolution into two chromosomes or generation of a single genome ( Figure S7 ). This observation 469 underlines the importance of curation from a high quality bin, as curation from a full metagenome would leave 470 open the existence of other scaffolds that also bear that repeat. 471 Once the genome is circularized, it is important to check for repeats larger than spanned by paired-472 end reads (as noted above; step 8, Figure 4 ). Assuming a seemingly CMAG is achieved, several steps to further 473 verify the accuracy of the assembly path may be warranted (step 9, Figure 4) . First, reads may be mapped to 474 the sequence allowing no mismatches to confirm no coverage gaps due to base miscalls and to verify that no SCGs, though we did not identify overlap at the ends of the scaffold that would circularize it. This scaffold could 507 14 be circularized after a single round of scaffold end extension, with read pairs placed at the ends of the scaffold. 508 In fact, we found two very small assembled sequences that were variants of each other and both could be used 509 for circularization. The non-uniqueness of this region terminated the original assembly. We chose the dominant 510 variant to represent the population genome. No repeat sequence longer than the sequencing insert size was 511 detected. A total of 13 local assembly errors were reported by ra2.py. All these errors were manually fixed and 512 validated, including a complicated error in the sequence of a protein-coding gene that contains multiple repeat 513 regions. The complete genome has a length of 1,133,667 bp, and encodes 1,147 protein-coding genes, 47 tRNA 514 and a copy each of 5S/16S/23S rRNA genes.
516
Case two, curation of a Betaproteobacteria genome without completion. Bin.19 contained seven scaffolds (3.6 517 Mbp in size), and was evaluated by CheckM to be 98.42% complete with 0.12% contamination ( Figure S9 ). 518 Analyses of the 16S rRNA gene sequence indicated it was a Betaproteobacteria (92% similarity to that of 519 Sulfuricella denitrificans skB26). After the first round of scaffold extension and assembly, only two scaffolds 520 could be combined (i.e., scaffold 21 and 25). We searched for the pieces that could be used to link the scaffolds 521 together using the newly extended parts of the scaffolds via BLASTn against the whole scaffold set. This 522 approach retrieved four short (584-1191 bp in length) and one longer piece (15,678 bp in length) that encodes 523 several bacterial universal SCGs including rpS7, rpS12, rpL7/L12, rpL10, rpL1 and rpL11 (which were absent 524 from bin.19), and whose two ends both encode elongation factor Tu (EF-Tu). Two of the four short pieces could 525 be perfectly joined in two possible places to the original scaffold set. Based on comparison with the Sulfuricella 526 denitrificans skB26 genome, we hypothesized the linkage patterns for these fragments and then considered the 527 two choices for how the resulting two large genome fragments could be arrayed. The linkage choices were 528 supported based on the overall pattern of GC skew (see below and Figure S9 ). Technically, however, the bin 
537
This genome was assembled de novo into a single circularizable 988 kbp scaffold, with two closely spaced gaps 538 ( Figure S10a ). Closing of these gaps required relocation of unplaced paired reads ( Figures S10b and c) . 539 540 In addition to the above-mentioned case studies, we curated three additional bacterial genomes to completion 541 as part of our methods refinement. These genomes are listed in Table 1 .
543
Using GC skew as a metric for checking genome correctness 544 GC skew is a form of compositional bias (imbalance of guanosine (G) relative to cytosine (C) on a DNA strand) 545 that is an inherent feature of many microbial genomes, although some are known to display little or no GC 546 skew (e.g., certain Cyanobacteria, (Nakamura 2002)). The phenomenon of strand-specific composition was 547 described by Lobry (Lobry 1996), who observed that the relative GC skew changes the sign crossing the oriC 548 and terC regions. Thus, the inflection point in genome GC skew at the origin of replication is often close to the 549 dnaA gene and typically contains a small repeat array. GC skew is calculated as (G-C/G+C) for a sliding window 550 along the entire length of the genome (suggested window=1000 bp, slide=10 bp). The skew is also often 551 summed along the sequence to calculate cumulative GC skew. This was proposed by Grigoriev (Grigoriev 1998), 552 who showed that the calculation of the cumulative GC skew over sequential windows is an effective way to 553 visualize the location of the origin and terminus of replication. For complete genomes, the GC skew is often 554 presented starting at the origin of replication, proceeding through the terminus and back to the origin (i.e., as if 555 the chromosome was linear). The pattern of the cumulative GC skew, where the function peaks at the terminus 556 of replication, indicates that the genome undergoes bidirectional replication. The pattern is fairly symmetrical 557 15 unless the replichores are of uneven lengths. Because the magnitude of the cumulative GC skew varies from 558 genome to genome, the magnitude of the skew could potentially be used as a binning signal. 559 The explanation for the origin of GC skew is not fully agreed upon. It may arise in large part due to 560 differential mutation rates on the leading and lagging strands of DNA. Enrichment in G over C occurs due to C 561 deamination to thymine (C->T), the rates of which can increase at least 100-fold when the DNA is in a single 562 stranded state. In the process of DNA replication, the leading strand remains single stranded while the paired 563 bases are incorporated by the DNA polymerase into its complementary strand. However, the Okazaki 564 fragments on the lagging strand protect a fraction of the DNA from deamination. Thus, the leading strand 565 becomes enriched in G relative to C compared to the lagging strand. The magnitude of the GC skew can be 566 impacted by the speed of the DNA polymerase processivity (which impacts the length of time that the DNA is 567 single stranded) and the length of the Okazaki fragments. GC skew has been linked to strand coding bias (Rocha 568 et al. 1999 ). Concentration of genes on the leading strand would afford protection against non-synonymous 569 mutations (as C->T mutations in the wobble position of codons are always synonymous), whereas G->A on the 570 lagging strand (following C->T on the leading strand) in two cases results in nonsynonymous mutations (AUA 571 for Ile vs. AUG for Met, and UGA for stop codon vs. UGG for Trp). The potential for deamination in the non-572 coding strand during transcription, another source of GC skew, would also favor genes on the leading strand. 573 GC skew persists because the leading strand is maintained as such through subsequent replication events. 574 Given that a well-defined pattern of GC skew is anticipated across many bacterial (and some 575 archaeal) genomes, we wondered whether plots of cumulative GC skew for putative complete genomes can be 576 confidently used to test for genome assembly errors. For this metric to be useful, it would be imperative to 577 establish the extent to which GC skew is indeed a feature of complete bacterial genomes. To our knowledge, 578 the now extensive set of complete isolate genomes has not been leveraged to do this. 579 We undertook benchmarking of GC skew, and more specifically cumulative GC skew, using all ~7000 580 complete genomes in the RefSeq database. We found that the majority of RefSeq bacterial genomes show the 581 expected pattern of cumulative GC skew. Interestingly, the magnitude of the origin to terminus skew varies 582 substantially, from ± 0.4 excess G relative to C to close to zero ( Figure S11) . A small subset of the ~7000 583 complete genomes essentially lack GC skew (as reported for some Cyanobacteria, see above) (Table S6 ). Poorly 584 defined (noisy) patterns are often associated with low total cumulative skew. About 15% of genomes have 585 notably asymmetric patterns (i.e., the cumulative skew is substantially larger for one half of the chromosome 586 relative to the other), presumably because the two replichores are of substantially uneven length. Moreover, 587 some bacterial genomes had a GC skew pattern indicating rolling circle replication (Table S7 ). Interestingly, we 588 did not detect a strong correlation between the magnitude of GC skew and bias for genes on the leading 589 strand. 590 Some complete genomes have quite aberrant skew patterns, with inversions in the cumulative skew 591 within a single replichore or exceedingly uneven predicted replichore lengths. We considered the possibility 592 that a subset of these isolate genomes may contain mis-assemblies. Such a phenomenon was already shown by 593 Olm et al. in the case of a Citrobacter koseri isolate genome that was clearly wrongly assembled across rRNA 594 operons (and a PacBio assembly for a closely related strain showed the expected pattern of cumulative GC 595 skew) (Olm et al. 2017). To test for the possibility that these other complete genomes contained errors, we 596 posited that mis-assemblies would likely occur at perfect repeats that are longer than the distance spanned by 597 paired reads. Further, we predicted that the pair of repeats flanking the wrongly assembled sequence region 598 would be in reverse complement orientations so that the intervening DNA segment could be flipped at the 599 repeats and that the flipped version would exhibit the expected GC skew pattern. In five of twelve cases that 600 we scrutinized it was possible to show that reverse complementing the sequence spanned by repeats indeed 601 resulted in genomes with exactly the expected form of cumulative GC skew (Figures 5, S12 and S13). In one 602 case, i.e., Flavobacterium johnsoniae UW101 (NC_009441.1), the original assembly notes indicated assembly 603 uncertainty (although the complete genome was deposited at NCBI). 604 We acknowledge the possibility that a recent major rearrangement could also give rise to inflexions 605 in GC skew, however major rearrangements typically have a well-defined placement relative to the origin of 606 replication that is inconsistent with the patterns observed (Eisen et al. 2000). Although we cannot state that 607 16 these isolate genomes are wrongly assembled, we suggest that it is a distinct possibility. Incorrect assemblies in 608 isolate genomes can be of high significance, given the trust placed in them for evolutionary and metabolic 609 analyses that make use of synteny and gene context. They are also used as references for calculation of growth 610 rates via the PTR method (Korem et al. 2015), and incorrect reference sequences will corrupt such 611 measurements. 612 It is well known that some archaea replicate their genomes from multiple origins (Barry and Bell 613 2006). In such cases, the cumulative GC skew pattern is not a useful test of overall genome accuracy. However, 614 some archaea do show the peaked pattern that is typical of bacteria, thus indicative of bidirectional replication. 615 Overall, we found 18 of 224 RefSeq archaeal genomes tested that show this pattern, and all of them are 616 Euryarchaeota (Table S8 ). In addition, this pattern was reported for a DPANN archaeon (Probst and Banfield biochemical testing) of open reading frames generated in this way as they may be chimeric. 704 Practically, another approach that can sometimes address the problem of assembly fragmentation 705 due to strain variety is collections of sequences from related samples (e.g., along a geochemical gradient) to 706 identify communities in which there is much reduced complexity of related strains. For example, opportunities 707 can arise due to the recent proliferation of one strain over the background of numerous closely related strains 708 following changes in environmental conditions. In other words, if a genome cannot be recovered from one 709 sample, look for it in related samples. We anticipate that this approach will be most effective for genome 710 recovery from soil environments, where strain diversity can be extreme and environmental heterogeneity 711 provides access to different strain mixtures. ; we will refer to these contigs as 758 'novel contigs'. In our study we also had access to the remaining contigs, and we will refer to this dataset as 'all 759 contigs'. 760 For binning and refinement of the CPR genome, and metagenomic read recruitment analyses, we 761 used anvi'o v5.5 to generate a contigs database from the novel contigs using the program 'anvi-gen-contigs-762 database', which recovered the tetranucleotide frequencies for each contig, used Prodigal v2.6.3 (Hyatt et al. can introduce contamination as the sequence signatures of short fragments of DNA can be noisy. To address 774 these issues, we first acquired the remaining 3,002 contigs that were not included in the original study 775 (Kowarsky et al. 2017) and that might be derived from the same blood-associated CPR population. Then, we 776 used all blood metagenomes for a read recruitment analysis. This analysis allowed us to identify contigs from 777 the non-novel contig collection that match to the distribution patterns of the initial CPR bin. Since the coverage 778 of this population was extremely low, we used a special clustering configuration for anvi'o to use 'differential 779 detection' rather than 'differential coverage' (see the reproducible workflow for details). This analysis resulted 780 in contigs with similar detection patterns across all metagenomes. We summarized this final collection of 781 20 contigs using 'anvi-summarize', which gave access to the FASTA file for the bin. Anvi'o automated workflows 782 (http://merenlab.org/2018/07/09/anvio-snakemake-workflows/) that use snakemake (Köster and Rahmann 783 2012) performed all read recruitment analyses with Bowtie v2.3.4 (Langmead and Salzberg 2012). We profiled 784 all mapping results using anvi'o following the analysis steps outlined in Eren et al. (Eren et al. 2015) . 785 To put our CPR bin into the phylogenetic context of the other available CPR genomes, we used the 786 797 metagenome-assembled CPR genomes (Brown et al. 2015) . We used the anvi'o program `anvi-get-787 sequences-for-hmm-hits` to (1) collect the 21 amino acid sequences found in the CPR bin (Ribosomal_L10, sequences for each ribosomal protein, '--return-best-hit' to get only the most significant HMM hit if a given 796 ribosomal protein found in multiple copies in a given genome, and '--max-num-genes-missing-from-bin 3' to 797 omit genomes that miss more than 3 of the 21 genes listed. We used trimAl v1.4.rev22 (Capella-Gutiérrez et al. All sequencing data described in this manuscript is available at the NCBI Genbank under accession numbers 832 provided in Table 1.   833  834 
